Excitation of a topological insulator by a high-frequency electric field of a laser radiation leads to a dc electric current in the helical edge channel whose direction and magnitude are sensitive to the radiation polarization and depend on the physical properties of the edge. We present an overview of theoretical and experimental studies of such edge photoelectric effects in two-dimensional topological insulators based on semiconductor quantum wells. First, we give a phenomenological description of edge photocurrents, which may originate from the photogalvanic effects or the photon drag effects, for edges of all possible symmetry. Then, we discuss microscopic mechanisms of photocurrent generation for different types of optical transitions involving helical edge states. They include direct and indirect optical transitions within the edge channel and edge-to-bulk optical transitions.
I. INTRODUCTION
Topological insulators have emerged on the map of semiconductors as the class of narrow-gap materials with inverted band structure [1] [2] [3] [4] . The band inversion originates from strong spin-orbit coupling in these materials and leads to the formation of helical (with spinmomentum locking) Weyl states on their surfaces [5] [6] [7] [8] [9] . The surface states in a topological insulator fully fill the band gap of the bulk material and are resistant to non-magnetic perturbations. Growing attention to topological insulators is fueled by a fundamental interest in solid-state spin physics and the prospect of designing novel functional materials and electronic devices based on them 10 . Topological surface states have been theoretically predicted and subsequently observed in a number of threedimensional (3D) binary and ternary V-VI compounds, such as Bi 2 Se 3 , Bi 2 Te 3 , Bi 2 Te 3−x Se x , Sb 2 Te 3 , and their solid solutions [10] [11] [12] , II-VI compounds like HgTe [13] [14] [15] , etc. Examples of two-dimensional (2D) topological insulators with one-dimensional helical channels at the sample edges include HgTe/CdHgTe 16, 17 and InAs/GaSb 18, 97 quantum wells (QWs) of certain thicknesses, and 1T' polytypes of transition metal dichalcogenide 2D crystals like WTe2 20, 21 . Experimentally, surface states in 3D topological insulators are revealed by the angle and spin resolved photoemission spectroscopy 12, 22 , in magnetotransport 14, 15, [23] [24] [25] [26] [27] and magneto-optical 28,29 measurements. The properties of conducting edge channels in 2D topological insulators are primarily studied in local and non-local transport measurements 17, [30] [31] [32] [33] [34] [35] [36] . Besides the measurements of the linear response, when the electric current j oscillates at the frequency ω of the applied electric field and scales linearly with the field amplitude E, it is highly informative to study nonlinear transport phenomena. In particular, excitation of a macroscopically homogeneous structure by the ac electric field may lead to a direct electric current j dc even in the absence of a dc bias. This is possible if the structure lacks the center of space inversion, e.g., due to the presence of a surface or an edge [37] [38] [39] [40] . In the classical range of frequencies ω, when the quantum of energy ω is much smaller than the mean kinetic energy of carriers, such effects are treated as nonlinear electron transport and may be included in the class of quantum ratchet phenomena [41] [42] [43] [44] . At higher frequencies, when mechanisms of the dc current formation originate from the asymmetry of optical transitions in the k space, these effects are commonly named photogalvanic effects 45, 46 . The photogalvanic effects, discovered in 70s in bulk pyroelectric and gyrotropic crystals 47, 48 , are extensively studied now in low-dimensional semiconductor structures providing an access to symmetry of the structures, optical selection rules, energy spectrum, energy, momentum, and spin relaxation times of carriers, etc. [49] [50] [51] [52] [53] [54] [55] [56] [57] . They are also used to optically inject spin [58] [59] [60] [61] [62] and valley 59,63-68 currents controlled by light polarization.
Photogalvanic spectroscopy of topological insulators [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] is of particular interest since the photocurrents associated with edges can be experimentally separated from the photocurrents stemming from the bulk of the structure. The edge and bulk contributions to the photoresponse have, as a rule, different polarization dependence. Moreover, for some experimental geometries, the bulk contribution vanishes due to symmetry arguments while the edge contribution does not. Additional information on the nature of the photocurrent is obtained by studying the spectrum of the photocurrent excitation and the dependence of the photocurrent of the Fermi level. In particular, the photocurrent associated with helical edge states is also excited by radiation with the photon energy ω smaller than the bulk band gap.
Here, we present an overview of theoretical and experimental study of edge photogalvanic effects in 2D topological insulators with the focus on HgTe/CdHgTe QW structures. We provide a phenomenological description of the circular and linear photogalvanic effects and the photon drag effect and analyze them for 2D topological insulators with all possible symmetry of the edges. Then we discuss microscopic mechanisms of the edge photocurrent generation for different types of optical transitions including optical transitions between the "spin-up" and Edge of a 2D topological insulator with a helical channel where the "spin-up" and "spin-down" electrons propagate in the opposite directions. The structure is excited by a polarized electromagnetic wave which leads to an edge photocurrent.
"spin-down" branches, edge-to-bulk optical transitions, and indirect (Drude-like) optical transitions within the edge channels. Theoretical results are compared with available experimental data.
II. SYMMETRY ANALYSIS
Consider a structure made of a 2D topological insulator with the edge along the y axis, see Fig. 1 . The structure supports a pair of counterpropagating edge modes with the opposite spin projections. It is excited by an electromagnetic wave with the electric field given by
where E is the electric field amplitude and q is the wave vector in the structure. The electromagnetic wave induces a dc electric current in the edge channel. The dc current emerges in the second order in the electric field amplitude, i.e., linear in the radiation intensity, and is described by the phenomenological equation 45, 46 
where L and C are the third-rank and second-rank tensors, and the indices β and γ run over the Cartesian coordinates x, y, and z. The L tensor describes the linear photogalvanic effect (LPGE), i.e., the photocurrent excited by linearly polarized ac electric field. The C tensor stands for the circular photogalvanic effect (CPGE). This photocurrent is excited by elliptically or circularly polarized radiation and reverses its direction upon switching the sign of the photon helicity, since i[E×E * ] = (q/q)|E| 2 P circ , where P circ is the degree of circular polarization. Both LPGE and CPGE are possible in systems lacking the center of space inversion: LPGE is allowed in piezoelectric structures 45 , while CPGE is allowed in gyrotropic structures 46 , which follows from the symmetry of Eq. (2). Such a symmetry breaking naturally occurs at the edge of a 2D structure.
Elements of spatial symmetry present in the system may impose restrictions on the form of the L and C tensors. Generally, there are 5 types of semi-infinite quasitwo-dimensional crystalline structures. They are all illustrated in Fig. 2 .
(i) A structure with an edge of the lowest possible symmetry is described by the C 1 point group which has no non-trivial symmetry elements, Fig. 2a . In such systems, all the components of the edge linear and circular photogalvanic tensors can be non-zero.
(ii) A semi-infinite structure with an edge can have the mirror plane perpendicular to the edge, m1 (xz) in Fig. 2b . Such a system is described by the C s point group. This case is realized, e.g., in 2D topological insulators based on (001)-grown zinc-blende-type QWs with the edge along one of the crystallographic directions 110 .
(iii) A structure can have the mirror plane lying in the center of the quasi-two-dimensional layer, m2 (xy) in (iv) A structure can have both the m1 and m2 mirror planes, see Fig 2d . Then, it is described by the C 2v point group containing besides the two mirror planes the two-fold rotation axis c 2 . This is the highest possible symmetry of a semi-infinite 2D system. Such a symmetry is realized in symmetric (110)-grown QWs with the edge y [110]. In fact, this symmetry corresponds to commonly used isotropic models of 2D topological insulators, e.g., Bernevig-Hughes-Zhang (BHZ) model 16 . (v) Finally, a structure can possess the two-fold rotation axis c 2 but has neither m1 nor m2 mirror planes, Fig. 2e . Examples of such structures of the C 2 point group are symmetric (001)-grown QWs with the edge y 100 .
Non-zero components of the edge LPGE and CPGE tensors, L and C, respectively, for all the point groups listed above are summarized in Tab I. The components describing the edge photocurrents at the normal incidence of radiation are in bold. It follows from the table that, in this geometry, the radiation induces both linear and circular photogalvanic currents.
In addition to the photogalvanic effects, which typically predominate in the photoresponse of non-centrosymmetric structures, a photocurrent may also originate from the joint action of the electric and magnetic fields of the radiation or from the modulation of the ac electric field in the real space. These effects belong to the class of photoelectric phenomena caused by light pressure (pho- ton drag) [81] [82] [83] [84] [85] [86] . In structures of low spacial symmetry, the direction of the photon drag current is not necessarily locked to the photon wave vector q. The electric current may even flow in the direction perpendicular to q and have a pronounced polarization dependence 83, 84, 86 . The edge photon drag effect is phenomenologically described by
where D (L) and D (C) are the tensors of the linear and circular photon drag effects. The results of a symmetry analysis of the photon drag effect for structures of different point groups are presented in Tab. II. Interestingly, in structures lacking the horizontal mirror plane m2 the edge current caused by the linear photon drag effect can emerge even at the normal incidence of radiation. The corresponding components of the D (L) tensor are in bold.
III. MICROSCOPIC MECHANISMS OF EDGE PHOTOCURRENTS
In this Section, we consider the mechanisms of photocurrent generation for different types of optical transitions involving topological edge states and present the results of microscopic calculations. We focus on 2D topological insulators based on zinc-blende-type QWs, such as commonly studied HgTe/CdHgTe QWs.
First, we briefly outline the electron structure of helical edge states in HgTe/CdHgTe QWs. These states are formed mainly from the electron-like |E1, ±1/2 and heavy-hole |H1, ±3/2 subbands 16 . In the basis |E1, +1/2 , |H1, +3/2 , |E1, −1/2 , and |H1, −3/2 , the electron states in symmetric (001)-grown QW (D 2d point group) are described by the effective 4×4 Hamiltonian
A, B, D, γ, and δ 0 are the real-valued band-structure parameters.
The parameter δ 0 describes the band gap and defines whether the system is in the trivial (δ 0 > 0 at B < 0) or non-trivial (δ 0 < 0 at B < 0) topological phase 16 . The parameter γ describes the mixing of the |E1, ±1/2 and |H1, ∓1/2 subbands at k = 0 due to interface inversion asymmetry and bulk inversion asymmetry in the QW structure [88] [89] [90] [91] . Its experimental value is not well determined yet. Theoretical estimations for the HgTe/CdHgTe QWs of the close-to-critical thickness yield ∼ 2 meV in the k·p model 
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Energy ( The energy spectrum and wave functions of electron states in the topological insulator with the edge at x = 0 are found from the Schrödinger equation
with a boundary condition for the wave function Ψ. We use the open boundary condition, i.e., Ψ = 0 at x = 0 87,92-94 . Boundary conditions of more general form were analyzed in Ref. 95 . Figure 3 shows the energy spectrum of a topologicalinsulator structure calculated for the above parameters. The spectrum contains a pair of spin-polarized branches (shown by blue and red curves) which are in the band gap of the bulk QW states and correspond to the helical edge modes. The whole energy spectrum is asymmetric with respect to positive and negative energy due to electronhole asymmetry introduced by the parameter D in the Hamiltonian (4). In particular, the edge-state branches are shifted from the band gap center. At small wave vector along the edge k y , the edge states have linear dispersion and can be described by the effective 2 × 2 Weyl
where v 0 is the edge-state velocity and σ z is the Pauli matrix in the pseudospin-1/2 space of the edge-state wave functions at k y = 0, ψ 0,±1/2 . At large k y , the dispersion of the edge states deviate from the linear law. The Hamiltonian (4) and the corresponding spectrum in Fig. 3 are obtained in the 4-subband model. This model does not take into account the complex structure of the valence band in the commonly studied 8-nm-wide HgTe/CdHgTe QWs. In fact, the valence band is strongly affected by the closely lying H2 subband not included in the model, which leads to a nonmonotonic dispersion of the hole states with side maxima [96] [97] [98] . Now, we discuss the interaction of electromagnetic waves with the topological insulator and the origin of edge photocurrent generation. Depending on the photon energy and the position of the Fermi level in the structure, edge photocurrents are contributed by different types of optical transitions.
A. Direct optical transitions between spin branches
Direct optical transitions between the edge states with the pseudospin projections s = ±1/2, see Fig. 4 , take place when ω > 2|ε F |, where ε F is the Fermi energy counted from the Weyl point [99] [100] [101] . If, additionally, the inequality ω < ε c − ε F , ε F − ε v is satisfied, where ε c and ε v are the energies of the conduction-band bottom and the valence-band top in the QW bulk, respectively, these are the only possible optical transitions in a pure structure.
Because of the selection rules to be discussed below, the optical transitions | − k y , +1/2 → | − k y , −1/2 and |k y , −1/2 → |k y , +1/2 induced by polarized radiation occur at different rates. This is illustrated in Fig. 4 by vertical arrows of different thicknesses. The asymmetry of the optical transitions results in an imbalance of electrons between the spin-momentum locked +1/2 and −1/2 branches giving rise to an electron spin polarization and a direct electric current. After an optical pulse, the spin polarization and the edge current decay with the characteristic time determined by spin-flip backscattering processes which are very rare. Under cw excitation, the decay is compensated by the optical genera-tion of new spin-polarized electrons, and the photocurrent reaches its steady-state magnitude. Figure 4 . Edge photocurrent caused by direct optical transitions between the "spin-up" and "spin-down" edge states in 2D topological insulator. Spin-dependent asymmetry of the optical transitions induced by polarized radiation leads to an imbalance of electrons between the spin states giving rise to a spin polarization and a direct electric current.
The optical transitions between the spin branches occur due to the interaction of edge carriers with the electric field E(t) 101 or magnetic field B(t) 99,100 of the incident electromagnetic wave. The Hamiltonian of the electrodipole electron-photon interaction has the form
where d is the electric dipole operator. H
edge can be also rewritten in the equivalent form as −(e/c)v · A(t), where e is the electron charge, c is the speed of light, v is the velocity operator, and A(t) is the vector potential of the electromagnetic wave whose dependence on the coordinate is neglected. Microscopic theory based on the Hamiltonian (4) shows that the inter-branch matrix elements of d is non-zero 101 . In the basis of the edgestate wave functions at k y = 0, ψ 0,±1/2 , the components of the electric dipole operator at small k y read
where σ x and σ y are the Pauli matrices, and D 1 and D 2 are real parameters. Both d x and d y vanish at k y = 0 since the time reversal symmetry does not allow a lifting of the Kramers degeneracy of the states |0, +1/2 and |0, −1/2 by an electric field. We also note that the electro-dipole optical transitions are possible due to the lack of space inversion center in the QW structure and the parameters D 1 and D 2 scale with constant of the subband mixing γ in the Hamiltonian (4) . Indeed, at zero γ the Hamiltonian (4) assumes the block-diagonal form and the edges states with s = ±1/2 stemming from these blocks are decoupled. Numeric calculations show that |D 1 /e| ≈ 7 × 10 −13 cm 2 and |D 2 /e| ≈ 1.5 × 10 −12 cm 2 for the band-structure parameters listed above 101 . Deriving analytical expressions for D 1,2 in terms of the band-structure parameters is a challenging task. In isotropic approximations, which corresponds to the effective C 2v point group for the QW structure with an edge, the components d x and d y vanish at any k y .
The Hamiltonian of the magneto-dipole interaction (the Zeeman Hamiltonian) in the basis of the wave functions ψ 0,±1/2 has the form (9) where µ is the magnetic dipole operator, µ B is the Bohr magneton, and g αβ are the g-factor tensor components. The in-plane components are given by
where g 1 and g 2 are two independent g-factors. The Zeeman gap in the edge-state spectrum opened by the outof-plane magnetic field is theoretically studied in Ref.
87
With the account for both the electro-dipole and the magneto-dipole mechanisms of electron-photon interaction, the optical transitions |k y , −s → |k y , s induced by electromagnetic wave polarized in the QW plane are described by the matrix elements
where d s ,−s and µ s ,−s are the matrix elements of the electric dipole and magnetic dipole operators, respectively, E and B are the amplitudes of the electric and magnetic fields of the radiation related by B = n ω o × E, n ω is the refractive index of the medium, and o is the unit vector along the radiation propagation direction ±z. It follows from Eqs. (8) and (10) that, at small k y , the matrix elements are given by
The photocurrent originating from asymmetric corrections to the electron distribution function in the relaxation time approximation is given by 49, 101 j y = 2πe
where e is the electron charge, τ p is the relaxation time, v kys = (1/ )dε kys /dk y and ε kys are the electron velocity and energy, respectively, and f (ε) is the Fermi-Dirac distribution function. The time τ p in Eq. (13) is the spin-flip scattering time of thermalized electrons at the Fermi level if electron thermalization within the edge channel, which is governed by electron-electron collisions and electronphonon interaction, is faster than spin-flip scattering. In the opposite case, if electron thermalization is inefficient, τ p is the spin-flip scattering time of hot carriers. The optical orientation of edge electrons and the photocurrent sensitive to the photon helicity emerge in the electro-dipole approximation. The calculation of the photocurrent (13) with the matrix elements of the optical transitions determined by the electric dipole operator (8) yields
where I = cn ω |E| 2 /(2π) is the radiation intensity, c is the speed of light, w is the absorption width of the edge channel for circularly polarized radiation calculated in the electro-dipole approximation,
and ∆f = f (− ω/2) − f ( ω/2). Equation (14) describes the CPGE current which corresponds to the phenomenological parameter C yz in Eq. (2) and Tab. I. For linearly polarized radiation, spin-dependent asymmetry in the optical transitions and the corresponding electric current emerge due to the interference of the electro-dipole and magneto-dipole transitions. This photocurrent has the form 
and e = E/E is the unit vector of the radiation polarization. The photocurrent (16) depends on the orientation of the edge with respect to the crystallographic axes and the radiation polarization plane with respect to the edge. It may also appear when the sample is excited by unpolarized radiation. The photocurrent (16) Figure 5 shows the magnitudes of the edge photocurrents originating from the circular photogalvanic effect and the linear photon drag effect in a HgTe/CdHgTe topological insulator as a function of the photon energy ω. The dependences are calculated for zero temperature, the Fermi level lying at the Weyl point, and the relaxation time τ p = 20 ps estimated from the experiments on low-frequency edge conductivity 79 . Solid curves present the results based on numerical calculations of the matrix elements of the electron-photon interaction at finite k y . Dashed curves show the low-energy analytical results plotted after Eqs. (14) and (16) . For the radiation intensity 1 W/cm 2 , the photon energy 1 meV, and the momentum relaxation time presented above, the photogalvanic and the photon drag currents at the normal incidence of radiation are in pA and fA ranges, respectively.
B. Edge-to-bulk optical transitions
Another class of optical transitions, which can occur at edges of 2D topological insulators, are edge-to-bulk transitions leading to photoionization of the edge chan-nel 79, 100, 102, 103 . These are the transitions between onedimensional edge states |k y , s and delocalized 2D states |k, s belonging to the conduction or the valence band, where k is the 2D wave vector. The optical transitions from the edge channel to the conduction band take place if ω > ε c − ε F while the transitions from the valence band to the edge channel come into play at ω > ε F −ε v . The edge-to-band optical transitions induced by circularly polarized radiation and the corresponding mechanism of the generation of circular photocurrent in the edge channel are illustrated in Fig. 6 . Figure 6 . Photocurrent in the edge channel caused by edgeto-bulk optical transitions in 2D topological insulator. The transitions from the "spin-up" and "spin-down" branches induced by circularly polarized radiation have different rates, which results in different depopulations of the spin branches and produces an electric current.
Edge-to-bulk optical transitions are allowed in the electro-dipole approximation already in the isotropic BHZ model 102 . Therefore, they predominate if the photon energy is large enough to throw up electrons from the edge states to the conduction band (or from the valence band to the edge states above the Fermi level).
In the isotropic BHZ model, the optical transitions between the edge and conduction-band states occur with the pseudospin conservation. However, the rates of such transitions from the |k y , +1/2 and |−k y , −1/2 states do not coincide with each other for circularly polarized radiation. This is similar to spin-dependent spin-conserving optical transitions between electron subbands in quantum wells 49 . The difference in the photoionization rates is shown in Fig. 6 by vertical arrows of different thicknesses. Microscopically, the selection rules here are related to the fact that the edge states contain non-equal portions of the E1 and H1 states due to electron-hole asymmetry described by the parameter D in the Hamiltonian (4).
The rates of the photoionization with the pseudospin conservation are given by the Fermi rule
where M ss (k x , k y ) is the matrix element of the optical transitions from the edge states |k y , s to the conduction-band states |k x k y , s , ε c kxkys is the energy of the conduction-band electrons, and k x is the wave vector of the conduction-band electrons in the direction normal to the edge.
The relative difference of the photoionization rates from the |k y , +1/2 and | − k y , −1/2 states, g ky+1/2 and g −ky−1/2 , respectively, is proportional to the helicity of incident photons P circ and may be presented in the form
The dimensionless coefficient K at k y = 0 is given by
102 . Numerical calculations show that the coefficient K has only weak dependence on k y and the photon energy ω 79 . To calculate the photocurrent originating from spinselective photoionization of the edge channel we consider that the momentum relaxation time of bulk carriers is much shorter than that of edge carriers and neglect the photocurrent in the bulk states. We also assume that spin relaxation of bulk carriers is fast and photoionized electrons get unpolarized before they are trapped back on the helical edge states. In that case, the edge photocurrent is given by
where w = ( ω/I) ky (g ky+1/2 + g −ky−1/2 ) is the absorption width of the edge channel for circularly polarized radiation. The excitation spectrum of the edge photocurrent for three different positions of the Fermi level is shown in Fig. 7 . For the Fermi level lying inside the bulk gap, the photocurrent has a threshold dependence on ω. With the increase of ω the photocurrent rises, reaches its maximum, and then decreases. The decrease of the photocurrent at large ω is caused by the reduction of the photon density at a fixed radiation intensity I and the reduction of the probability of the edge-to-band optical transitions. The latter stems from the weak overlap between the wave functions of edge and bulk states involved at large ω. can still be absorbed in an edge channel and leads to a photocurrent 104 . In this case, the absorption of photons occurs as the result of indirect (Drude-like) optical transitions assisted by electron scattering from static defects or phonons to satisfy the energy and momentum conservation, Fig. 8 . The photogalvanic effect for this type of transitions in quantum wells was considered in Ref. 105 . Indirect optical transitions are theoretically treated as virtual processes via intermediate states, which can belong to the edge channel or the 2D conduction or valence subbands. The compound matrix element of the transitions with the initial |k y , s and final |k y , s states assisted by elastic scattering has the form
where the index m runs over intermediate states, R m,kys is the matrix element of electron-photon interaction, and V k y s ,m is the matrix element of electron scattering.
There are two types of indirect optical transitions in edge channels: (a) transitions within the same spin branches, i.e., with s = s in Eq. (21), and (b) interbranch (spin-flip) transitions, i.e., with s = −s. They are sketched in Fig. 8a and Fig. 8b, respectively. (a) For optical transitions with the pseudospin conservation, Fig. 8a , intermediate states lie either in the same edge branch or in the 2D conduction or valence subbands. The matrix element of the virtual transitions with intermediate states in the same branch is given by Since the dispersion of the edge states is almost linear and the velocity v kys has only weak dependence on k y , this contribution is small. The matrix element of the virtual transitions via conduction-band or valence-band 2D states can be estimated as
where V E1 is the matrix element of scattering. It is assumed here that the photon energy ω is much smaller than the energy separation between the Fermi level and 2D states which is of the order of the bulk band gap. Similarly to the direct edge-to-bulk transitions considered in Sec. III B, the matrix elements M The circular photocurrent driven by the indirect optical transitions can be estimated as
where w s is the absorption width of the edge mode s. The difference of the absorption widths w +1/2 and w −1/2 is proportional to P circ and can be presented in the form
where w = w +1/2 + w −1/2 is the total absorption width of the edge channel in this spectral range and K is a dimensionless coefficient. This coefficient can be estimated as K ∼ ( ω/δ 0 )K, where K is defined by Eq. (19) .
The absorption width for the indirect optical transitions can be estimated as
where τ
is the momentum relaxation time of 2D carriers, V 2 E1 is the square of the matrix element of scattering averaged over impurities.
Equations (24)- (26) provide the following estimation for the circular photocurrent caused by spin-conserving optical transitions in the edge channel
It shows that j (CPGE) y is about 10 pA for the radiation intensity I = 1 W/cm 2 , the band gap 2|δ 0 | = 20 meV, the photon energy ω = 1 meV, the relaxation time τ (b) For indirect optical transitions between the spin branches, Fig. 8b , the edge photocurrent can be presented in the form
where w s,−s are the effective absorption widths for the spin-flip transitions. The indirect transitions with spin flip can also occur via intermediate states in the conduction or valence subbands of the QW. The difference of the absorption widths for this kind of processes can be estimated as
where V E1,H1 and V E1 are the matrix elements of intersubband and intra-subband scattering, respectively, and w is the absorption width given by Eq. (26) . The photocurrent caused by spin-flip indirect optical transitions (28) is order of magnitude smaller than the photocurrent caused by spin-conserving optical transitions (27) .
D. Experimental results
Edge photocurrents in 2D topological insulators were observed in Ref. 79 . The experiments were carried out on Hg 0.3 Cd 0.7 Te/HgTe/Hg 0.3 Cd 0.7 Te QW structures with the well width of 8 nm grown by molecular beam epitaxy on GaAs substrates. The photocurrent was excited by circularly polarized terahertz radiation with the photon energy smaller than the QW band gap. It was observed that photocurrents on the opposite edges of the samples flowed consistently in the opposite directions. The direction of the edge photocurrent was determined by the sign of photon helicity, i.e., the photocurrent was reversed by switching the radiation polarization from σ + to σ − . The samples were equipped with semitransparent top gates which enabled the tuning of the Fermi level.
It was observed that the edge photocurrent is efficiently generated when the Fermi level is in the band gap and has a maximum at the Fermi level lying somewhat below the conduction-band bottom 79 . Analysis of the dependence of the edge photocurrent on the gate voltage V g and the efficiency of different mechanisms of current generation revealed that the photocurrent in this range of V g is dominated by photoionization of the edge states into the conduction band. The performed microscopic calculations supported this scenario. At negative V g where the Fermi level is shifted towards the valence band, the photocurrent changes its sign and exhibits another rise. This rise may be related to optical transitions from the valence band to the edge states. The change of the photocurrent sign, however, is unclear and odds with the BHZ model which suggests the same current direction for the edge-to-conduction-band and valence-band-to-edge transitions 79, 103 . It may be related to the complex structure of the valence band in 8-nm-wide HgTe QWs not included in the BHZ model. Another explanation could be that the photocurrent in this range of V g is related to indirect optical transitions within the edge channel which are manifested due to strong energy dependence of the relaxation time or nonlinearity of the edge-state dispersion.
The study of QW-based topological insulators with higher quality and larger band gap, which are already available 106 , will enable the observation of edge photocurrents related to different types of optical transitions and provide valuable information about the properties of helical states.
To summarize, we have discussed the high-frequency and optical properties of helical edge channels in twodimensional topological insulators based on zinc-blendetype quantum wells. The interaction of electrons in the edge channel with a polarized electromagnetic wave is spin dependent and asymmetric in the momentum space, which results in edge photocurrents sensitive to the photon helicity. Depending on the radiation frequency and the position of the Fermi level in the structure, the edge photocurrents are contributed by different types of optical transitions. The most probable optical transitions involving edge states are direct transitions between the edge states and the bulk states in the quantum well. They are allowed already in centrosymmetric models on topological insulators and determine the edge photocurrent if the photon energy is large enough to throw up edge electrons (or holes) to the bulk conduction-band (or valence-band) states. Optical transitions within the edge channel come into play for smaller photon energies. There can be direct transitions between the "spinup" and "spin-down" edge states and indirect transitions assisted by electron scattering from static defects or phonons. The former occur in the electro-dipole ap-proximation due to the lack of space inversion center in the quantum well while the latter require electron scattering. The relative strength of the photocurrents contributed by these direct and indirect transitions depends on the quality and the band-structure parameters of the topological insulator.
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